Protein chips are useful tools for profiling proteins and analyzing protein-protein interactions and post-translational modifications. In previous work, we developed a diamond-like carbon-coated stainless steel plate (DLC plate) as a novel protein chip plate. Gel-resolved proteins can be covalently immobilized on the surface of the DLC plate by electroblotting to produce a high-density protein chip. The proteins can then be identified by matrixassisted laser desorption ionization/time-of-flight mass spectrometry (MALDI-TOF MS) using the plates. The interactions of the immobilized proteins with other proteins, and their post-translational modifications, can also be analyzed. However, to improve the efficiency and reproducibility of analyses using DLC plates, it is important to automate these analytical processes. Therefore, we developed a system for automatically transferring gels from the gel electrophoresis glass plates to the DLC plates for electroblotting. This is an essential first step toward complete automation of the production of high-density protein chips for immobilizing gel-resolved proteins.
INTRODUCTION
Protein chips are useful tools for profiling proteins, such as disease-associated proteins, and for analyzing proteinprotein interactions and post-translational modifications [1] [2] [3] . We recently developed a diamond-like carbon-coated stainless steel plate (DLC plate), chemically modified with Nhydroxysuccinimide (NHS) ester, as a protein chip plate. The NHS ester reacts with primary amines on the proteins to covalently attach to the surface of the DLC plate. Because the DLC plate is conductive, it can be used for electroblotting proteins from gels following separation by high-resolution two-dimensional electrophoresis 4) . We succeeded in immobilizing 2-DE gel-resolved proteins on DLC plates by electroblotting, and produced a high-density protein chip 5) .
The DLC plate also can be used as a target plate for matrix-assisted laser desorption ionization/time-of-flight mass spectrometry (MALDI-TOF MS). After digestion of the immobilized proteins with a protease such as trypsin or Lys-C protease on the DLC plate, we mounted the DLC plate on the MALDI-TOF spectrometer to identify the immobilized proteins by peptide mass fingerprinting 5) . We were able to detect the interactions among the immobilized proteins and their ligands, and identified the interacting proteins. Moreover, we developed a technique using the DLC plate to detect glycoproteins among proteins separated by 2-DE, and identified them by MALDI-TOF MS 5) .
To make the DLC protein chip, we used 0.3-mm-thick SDS-PAGE gels in the second dimension of 2-DE to efficiently transfer proteins from the gels to the DLC plates 5) . The 1-mm-thick gel that is usually used for SDS-PAGE was too thick for rapid and efficient transfer of proteins. The blotting efficiency of the 0.3-mm-thick gels was 50-200 times higher than that of the thicker gel. However, it was difficult to remove the 0.3-mm-thick gel from the PAGE glass plate, wash it, and transfer it to the DLC plate manually. This process increased the chances of human error, physical damage to the gels, and contamination with impurities such as keratin, which make precise mass spectrometric analysis impossible. Furthermore, manual gel washing often resulted in loss of proteins.
Therefore, we developed an instrument to automatically remove gels from glass plates, wash them with a washing solution, and transport them to DLC plates without damage or protein loss. The system aims to produce protein chips with high efficiency and reproducibility independent of the ability of the operator. This is the first step toward complete automation of the production of high-density protein chips for immobilizing gel-resolved proteins ( Fig. 1 ).
MATERIALS AND METHODS

Proteins and Chemicals
SDS-PAGE low molecular weight marker proteins and Cy3-maleimide dye (CyDye) were purchased from GE Healthcare (Milwaukee, WI, USA). The other reagents used were of analytical grade.
DLC plate
Stainless steel plates were prepared to match the size of MALDI-TOF MS sample targets (10×10×0.1 cm), and their surfaces were well burnished. Diamond-like carbon was coated on the plates by an ion-deposition method, which ionizes methane gas using a heated filament in a vacuum and accelerates ionized methane toward the plate. After coating, the surface of each plate was modified with N-hydroxysuccinimide ester, resulting in DLC plates that can immobilize covalently bonded proteins 5) .
Detection of proteins labeled with CyDye
The Cy3-labeled low molecular weight marker proteins immobilized on the DLC plates were detected using Typhoon 9410 (GE Healthcare) at an excitation wavelength of 532 nm, and a luminescence filter of 580 nm. Electrophoresis patterns were analyzed by ImageQuant (GE Healthcare).
SDS-PAGE
We separated proteins by SDS-PAGE using thin slab polyacrylamide (10%) gels (80×60×0.3 mm). We used the same size of SDS-PAGE gels as that of the second dimension of 2-DE.
Gel transport system
We designed and manufactured the gel transport system, consisting of a gel cutter, gel washing apparatus, and gel setting apparatus, as a component of the complete automation system for making protein chips using DLC plates.
Electroblotting
After a gel was automatically transferred to a DLC plate, the cellophane and filter paper were again stacked on top of the anode and sandwiched between it and the cathode. Electroblotting was performed at a constant 2 V for 1 hr.
Mass spectrometry
For protein identification, proteins immobilized on the DLC plates by electroblotting were digested with proteases applied to the chip according to the methods of Iwafune et al. 5) . After digestion, matrix solution saturated with alphacyano-4-hydroxycinnamic acid in 50% (v/v) acetonitrile/ 0.1% (v/v) trifluoroacetic acid was added to the chip. The digestion products were analyzed by MALDI-TOF MS (Shimadzu AXIMA-CFR X). The proteins immobilized on the chip were identified by peptide mass fingerprinting (PMF) using the Mascot server.
RESULTS
Development of the gel transport system
We designed and constructed the gel transport system as shown in Fig. 2A . The system consists of four parts: gel cutter for cutting the gel on the glass plate to the size of the DLC plate (Fig. 2C) ; gel lifter for removing the gel from the PAGE glass plates (Fig. 2D) ; gel washing apparatus for washing it with a washing buffer ( Fig. 2E) ; and gel setting apparatus for transferring it to the DLC plate after washing its surface (Fig. 2F) . The size of system is 60×60×90 cm, and its interior is isolated during operation to prevent gels from being contaminated by impurities in the air. The computer (programmable logic controller) automatically controls the process as described below.
Operation of the gel transport system
After electrophoresis, one side of the glass plate is removed manually, and the other side with the gel is set on the mount. Simultaneously, the DLC plate is placed next to the glass plate, and the following operation is then performed in the gel transport system: (1) The operation parameters are entered using the touch panel (Fig. 2B) . (2) The 0.3-mm-thick electrophoresis gel on the glass plate is cut to the XY-prearranged size of the DLC plate by leftto-right vibrations of the gel mount (Fig. 2C) .
(3) The gel is grasped by the lifter and removed from the glass plate ( Fig. 2D ).
(4) The lifter transfers the gel to the washing tank. The gel is sprayed with washing solution (10% MeOH), and the excess solution is removed from the gel surface by spraying it with air. The gel does not dry out completely ( Fig. 2E) . (5) The gel is transferred to the DLC plate (Fig. 2F ).
Application of the gel transport system
We subjected Cy3-labeled low molecule marker proteins to SDS-PAGE using a 0.3-mm-thick gel. After SDS-PAGE, we used the gel transport system prior to electroblotting. Figure 3 shows SDS-PAGE patterns of proteins immobilized on the DLC plate using the gel transport system. The efficiency of electroblotting was investigated by Image Quant volume analysis. Proteins were transferred more efficiently by the gel transport system than by hand. During automatic transportation, we observed loss of proteins from the gels. However, there was significant correlation between the loss and low molecular weight of proteins. The transferred proteins were digested with trypsin for MALDI-TOF MS analysis, according to the methods of Iwafune et al. 5) , and successfully identified.
DISCUSSION
We developed a gel transport system consisting of four components: gel cutter, gel lifter, gel washing apparatus, and gel setting apparatus. It is usually difficult to cut gels, particularly low bisacrylamide gels, on glass plates for electrophoresis, because polyacrylamide gels are elastic. Therefore, the mount in the developed system, which installs the glass plate holding the gel, vibrates in a rightleft slicing motion to cut the gel efficiently.
Generally, it is not easy to remove a 0.3-mm-thick gel from a glass plate without damaging it. Our system uses a gel lifter consisting of two plates. When operated by hand, the gel is often broken. However, the angle of the gel lifter against the gel can be changed, and the edge of the gel lifter is coated with Teflon to tightly hold thin gels and remove them without damage.
After removing a gel, our system automatically washes its surface to remove salts that hinder blotting and mass spectrometric analysis. At the start of this study, we adopted a method of washing that involved slow shaking in the washing solution. However, a significant amount of proteins diffused from the gel into the solution. Therefore, we modified the system to use a spraying method, in which the gel surface is washed by spraying the washing solution. This method significantly suppresses protein diffusion. We determined the suitable nozzle angle, liquid volume, and pressure by repeatedly adjusting these parameters. Excess washing solution on the gel is blown off by compressed air. The air pressure is finely regulated to ensure that the gel surface remains sufficiently wet.
We developed a gel transport system that automatically removes gels from glass plates, washes them, and transfers them to DLC plates without damage or protein loss. We applied the system to analyze proteins separated by SDS-PAGE. We produced a protein chip with higher reproducibility and efficiency compared to manual methods. The system is quicker and less labor-intensive than manual methods, and could be applied to other types of gels.
